Introduction

!
Magnetic resonance imaging (MRI) of magnetically labeled cells is a powerful technique for the noninvasive detection and tracking of specific cell cohorts after local or systemic administration. Migration of lymphocytes [1] , hematopoetic stem cells [2] , mesenchymal stromal cells [3] , neuronal precursor cells [4] and tumor cells [5] has been demonstrated in different disease models by in-vivo MRI. The size of iron oxide particles successfully applied for cell labeling ranges from very small particles [6] to micron-sized particles [7] of which the medium-sized superparamagnetic particles of iron oxide (SPIO), such as the clinically approved iron oxide contrast agents, are typically used for magnetic cell labeling [8] . Furthermore, labeling approaches vary in terms of cell incubation and the possible use of transfection agents [9] . All the different magnetic labeling techniques result in a considerable increase of the cellular iron content up to 100 pg per cell [7] compared to a physiological cellular iron content of generally less than 1 pg [10] . The large amount of intracellular iron oxide particles and the use of high-resolution T2*-weighted gradient echo sequences permits cellular MRI techniques to be very sensitive. Thus, MRI of single magnetically labeled cells could be demonstrated in-vitro [11] and promising results have been shown also in-vivo, e. g. the detection of single macrophages in the brain after intracardial injection [12] and migration of hepatocytes to the liver after injection into the spleen [13] . Multipotent mesenchymal stromal cells (MSC), also known as mesenchymal stem cells [14] , are bone marrow-derived precursor cells with the potential to differentiate into different mesenchymal lineages, such as adipocytes, chondroblasts and osteoblasts [15] . Because of their differentiation potential, MSC are of particular interest for cell-based therapies in different acute disorders such as myocardial infarction and acute renal failure [16, 17] . Furthermore, MSC are known for their immunosuppressive and immunomodulatory potential during stem cell transplantation [18 -21] . They show a considerable rescue potential after lethal irradiation [22] or chemotherapy [23] . Several studies show their positive impact on wound healing, bone, cartilage and tendon repair in clinical settings [24 -27] . Recently, Karussis et al. showed that transplantation of MSCs in patients with MS and ALS is a clinically feasible and relatively safe procedure and induces immediate immunomodulatory effects [28] . Even though MSC are known to deliver local growth factors for the regulation of hematopoesis, the exact mechanism of their positive modulatory impact in peripheral organs after either local or systemic application remains unclear [29 -31] . The efficacy of such therapies could be in part monitored by cellular MRI. Cell tracking of large cohorts of magnetically labeled MSC has been demonstrated in rat models of nephropathy after intravenous [32] and intraarterial [33] injection and after intramyocardial cell injection in a porcine model of myocardial infarction [34] . Furthermore, at least four clinical trials using MRI cell tracking with superparamagnetic iron oxides have been performed with promising results and it is most likely that MSC-based therapies will become more and more popular over the next decades [35, 36] This study investigates the possibility of in-vivo single cell detection of MSC by MRI, which would be a valuable technique to track the migration of even small numbers of MSC in living animals and may help to improve the understanding of the timeline of cell-based therapies, the cells immediate and long-term fate as well as the exclusion of graft failure or tumor formation at the injection side [37] . Therefore, the aims of this study were I) to magnetically and fluorescently co-label MSC, II) to detect co-labeled MSC by in-vivo MRI after minimally invasive intracardial injection of cells in mice and III) to validate MRI findings by verification of single cell distribution in different organs by fluorescent microscopy.
Materials and Methods
!
Cell culture
The murine mesenchymal stromal cells were a generous gift by PD Dr. rer. nat. C. Lange. The cells were generated from the bone marrow of three male adult C57Bl/6 mice by standard methods [38] and grown adherent in standard T 75 flasks for more than 10 passages to confirm phenotype and purity. For the culture medium DMEM/Ham's F-12 medium (Biochrom, Berlin, Germany) supplemented with 20 % fetal calf serum (Gibco, Karlsruhe, Germany), 2 mol/l L-glutamine, 100 U/ml penicillin and 100 mg/ ml streptomycin (Gibco, Karlsruhe, Germany) was used.
Cell labeling
MSC were incubated overnight with red fluorescent, superparamagnetic iron oxide micro-particles with a mean diameter of 1.63 μm, containing a magnetite core encapsulated with the fluorochrome "Suncoast Yellow" (Ex: 540 nm / Em: 600 nm) and a dextran shell (Banglabs, Fishers, IN, USA). The effective iron concentration of the culture medium was 25 μg/ml. The cells underwent three steps of washing with phosphate buffered saline (PBS) before they were trypsinized, reseeded in a new culture flask and grown overnight. The next day, the cells were washed repeatedly until no particles could be detected in the supernatant by conventional inverse fluorescence microscopy. Subsequently, MSC were incubated with green fluorescent carboxyfluorescein succinimidyl ester (CFSE) from CellTrace™ CFSE Cell Proliferation Kit (Invitrogen, Karlsruhe, Germany) at a concentration of 1.5 μl/ ml in serum free culture medium for 20 minutes. The reaction was stopped by washing three times with ice cold PBS. CFSE only dyes living cells since it is intracellulary activated by esterases and covalently linked to intracellular proteins. With the achieved double color fluorescent labeling it was possible to differentiate intact MSC from particles accumulated in phagocytes.
Determination of the cellular iron content
Labeled as well as unlabeled cells at samples of 1 × 10 4 , 5 × 10 4 and 1 × 10 5 were lysed at room temperature in 500 μl suspension of 0.02 molar nitric acid and Triton X 100 (Sigma Aldrich, Saint Louis, MI, USA) for 15 minutes. These suspensions were roughly vortexed. To calculate the mean cellular iron content three measurements were taken from different cell samples using an atomic absorption spectrometer (Perkin Elmer 2100, Norwalk, CT, USA).
Flow cytometry analysis
On day five after cell labeling, the cells were suspended with cell dissociation buffer (Invitrogen, Karlsruhe, Germany), counted and resuspended in PBS containing 1 % bovine serum albumin and 0.05 % NaN 3 as the buffer for staining and washing. To compare the surface marker expression of CD44 +, CD90 +, CD105 +, Sca-1 +, CD34-and CD45-of co-labeled MSC to the marker expression of unlabeled MSC, the following monoclonal antibodies and isotype controls were used: biotinylated rat anti-mouse antibodies for CD34, CD44, CD45, CD90 and Sca-1 and appropriate biotinylated isotype IgG followed by streptavidin-allophycocyanin (all BD Biosciences, Heidelberg, Germany), rat anti-mouse antibody CD105 / Endoglin-Allophycocyanin and rat IgG2a-allophycocyanin isotype control (R&D Systems, Wiesbaden, Germany). A living / dead cell differentiation was performed using propidium iodide that permeates the cell membrane of dead cells leading to an intracellular accumulation of the dye (Sigma-Aldrich, St.Louis, MO). Roughly 40 % of events were excluded in each sample using a combination of the forward and sideward scatter as well as reactivity to propidium iodide to exclude cell debris and dying cells from measurements. To determine a potential influence of iron oxide micro-particles on the cell proliferation, the CFSE signal of co-labeled MSC was compared to the CFSE signal of MSC labeled with CFSE only. For all measurements a FACSCalibur cytometer (BD Biosciences, Heidelberg, Germany) and Win MDI 2.9 software for data analysis were used.
Chondrogenic differentiation assay
Co-labeled MSC were resuspended in 2 % alginic acid (Sigma-Aldrich, St.Louis, MO) at a cell density of 1.5 × 10 6 cells / ml. Following standard procedures [39] , the cells were dropwise gelatinized in 0.1 M CaCl 2 (Merck, Darmstadt, Germany). The consequently newly formed alginate spheres were incubated in culture medium for 7 days, then fixed in 10 % formalin for 1 hour. Before staining in 0.05 % acidic Alcian Blue and 4 % MgCl 2 solution (all SigmaAldrich, St.Louis, MO) for 24 h, the spheres were washed in 2 % acetic acid. After dehydration with ascending ethanol series and finally xylol, the spheres were embedded with Entellan (both, Merck, Darmstadt, Germany) under slight pressure. Control preparations were fixed, stained and embedded immediately after gelatinization to exclude expression of proteoglycans on nonstimulated co-labeled MSC.
Intracardial injection
Animal procedures were approved by the institutional animal care committee. Labeled MSC were prepared at concentrations of 1 × 10 5 , 3 × 10 5 and 1 × 10 6 cells / ml in serum free culture medium. For the injection 50 μl cell suspension in a 250 μl glass syringe (Hamilton AG, Bonaduz, Switzerland) with a 30-gauge needle (Braun AG, Melsungen, Germany) was used. Cells were injected into the left ventricle of the heart using ultrasound guidance with a 30 MHz center frequency single element ultrasound transducer of a Vevo 770 Microimaging System (VisualSonics Inc., Toronto, Canada). For the procedure the animals were anesthetized with a 1 -1.5 % isoflurane/air mixture. A total of 12 mice received intracardial injections. According to the cell concentrations and the injection volume mentioned above, 5000 (n1), 15 000 (n2) and 50 000 (n3) MSC as well as serum-free culture medium without cells were injected into 3 mice per group.
MR imaging
The MR sequence protocol consisted of T1-weighted localizers in three orthogonal planes, an additional T2-weighted localizer in sagittal orientation and high-resolution T2*- The MR sequence protocol was tested using cell phantoms. For preparation, 1 ml with different numbers of co-labeled MSC resuspended in PBS were gently mixed with 4 ml 10 % gelatin (180 bloom, Carl Roth GmbH, Karlsruhe, Germany) in 5 ml round bottom tubes to reveal phantoms with cell densities of 2500, 500, and 100 MSC / ml. The phantoms were placed horizontally in the solenoid mouse coil for MR imaging. The mice underwent MRI the day before and five hours after the intracardial cell injection. The interval of five hours was due to the scheduling of cell injections and MRI consecutively for several animals per day. The animals were anesthetized for the imaging procedure with intraperitoneal injection of ketamine / xylazine. The signal-to-noise-ratio (SNR) and the detection of small signal voids were analyzed. By manually placing elliptical regions-of-interest (ROI) with a size of 10 mm 2 in source images of the brain, liver, spleen and kidneys, the SNR was calculated measuring the signal intensity (SI). Noise was determined as standard deviation (SD) of SI in an ROI with a size of 100 mm 2 placed in the air adjacent to the lower abdomen to obviate phase-related artifacts from respiratory motion. SNR = [SI structure -SI noise ] / SD SI noise. Furthermore, clearly circumscribed signal voids were counted in the different organs and mean numbers per slice were calculated. 
Promotionspreis 2013 369
This document was downloaded for personal use only. Unauthorized distribution is strictly prohibited.
All scans were performed on a clinical 3.0 T MRI, equipped with a conventional body transmit coil and gradient system allowing a maximal amplitude of 30 mT m -1 and a slew rate of 50 mT -1 s -1 (Intera, Philips Medical Systems, Best, The Netherlands). For signal reception a dedicated solenoid mouse body coil with an inner diameter of 3 cm and a length of 7 cm was used (Philips Research Laboratories, Hamburg, Germany).
Histological analysis
The mice were sacrificed by cervical dislocation under CO 2 anesthesia within 7 hours after cell injection. The brain, liver, spleen, kidneys and lungs were embedded in Tissue-Tek (Sakura Finetek, Heppenheim, Germany) and snap frozen in liquid nitrogen. For preparation of cryosections with a thickness of 10 μm a cryostat microtome (Leica, Wetzlar, Germany) was used. The cryosections were fixed in 4 % paraformaldehyde, counterstained and covered with a 4´,6-Diamono-2phenylindol (DAPI) containing mounting medium (Vectashield mounting medium Vector Laboratories, Inc. Burlingame, CA). A universal microscope (Axio Phot 2, Carl Zeiss Microimaging, Goettingen, Germany) was used for large field fluorescence and phase contrast microscopy, and selected cryosections were examined on a confocal microscope (Carl Zeiss Microimaging, Goettingen, Germany).
Statistical analysis
Measurements of SNR in different organs before and after cell injections were compared using the paired student's t-test. The level of significance was assumed for p < or = 0.05. For statistical correlation of the numbers of MRI signal voids and single MSC found on histology, the Pearson's product-moment coefficient was used.
Results
!
Labeling and characterization of cells
The co-labeling of MSC with iron oxide micro-particles and CFSE revealed a perinuclear accumulation of red fluorescent micro-particles and green fluorescence of the cytoplasm as shown by confocal microscopy ( • " Fig. 1a ). Single co-labeled MSC could be detected in MRI phantoms using both high-resolution T2*-weighted 3 D and 2 D GRE sequences ( • " Fig. 1b) . Atomic absorption spectrometry revealed a mean cellular iron content of 23.6 ± 4.3 pg after cell labeling compared to 0.4 ± 0.1 pg of unlabeled cells. Flow cytometry showed a similar cell proliferation for MSC labeled with CFSE and iron oxide micro-particles compared to MSC labeled with CFSE only ( • " Fig. 2a ). After five days CFSE could not be reliably detected anymore in both cell cohorts due to dilution of the dye as a result of cell division. Expression of CD44, CD90, CD105 and Sca-1 as well as negativity of CD34 and CD45 (data not shown) was demonstrated in unlabeled MSC and in MSC labeled with CFSE and iron oxide micro-particles ( • " Fig. 2b ). Chondrogenic differentiation indicated by positive staining for glycosaminoglycans with Alcian Blue was observed for co-labeled MSC within 7 days whereas co-labeled MSC without stimulation showed no Alcian Blue staining ( • " Fig. 3 ).
In-vivo cell imaging
Intracardial injections of MSC were successful in all animals.
Echocardiographic control after intracardial injection ( • " Fig. 4 ) did not show pericardial fluid or other complications. MRI of the brain using the high-resolution T2*-weighted 3 D GRE sequence revealed the occurrence of multiple sharply defined signal voids throughout the entire brain with the highest cell density in the vascular territory of the medial cerebral artery ( • " Fig. 5 ). The high-resolution T2*-weighted 2 D gradient-echo sequence of the abdomen showed the occurrence of a few signal . 6 ). In the liver and spleen similar signal voids could not be detected. Smaller parenchymal organs such as the pancreas and adrenal glands as well as the heart were not well detectable due to motion artifacts. In air-containing intestinal organs as well as the lungs, the detection of magnetically labeled cells was impossible due to the low signal background. Analysis of signal intensity measurements revealed a significant difference of mean SNR values in the brain before and after injection of 50 000 cells and no significant difference for other cell numbers and organs ( • " Table 1 ). Quantitative analysis of signal voids in the brain resulted in an average of 4.6 ± 1.2 (n1), 9.0 ± 3.6 (n2) and 25.0 ± 1.0 (n3) signal voids per axial MRI slice.
Histological analysis
Microscopy of cryosections revealed trapping of single MSC in the brain, lung, liver, spleen and kidneys ( • " Fig. 7) . Single MSC could be well depicted by confocal microscopy due to the co-labeling with CFSE and micro-particles as green and red fluorescent spots ( • " Fig. 8 ). Furthermore, red fluorescent micro-particles could be detected in the spleen ( • " Fig. 7 ) and liver (not shown). The quantitative analysis of brain sections revealed an average of 8.7 ± 3.1 (n1), 22.0 ± 6.1 (n2) and 89.8 ± 6.5 (n3) MSC per stack of 20 adjacent cryosections (each with a thickness of 10 μm). Statistical correlation of the numbers of MRI signal voids and single MSC found on histology revealed a correlation coefficient of r = 0.91. 
Discussion
In this study co-labeling of MSC with fluorescent superparamagnetic iron oxide micro-particles and CFSE could be demonstrated. The use of these large iron oxide mirco-particles for magnetic cell labeling was initially described by Shapiro et al. [7] . The crucial advantage of these micro-particles is their pronounced T2* effect due to the large iron oxide core, allowing even single micro-particles to be detected by MRI [40] which is preferable for single cell imaging. In addition to the fluorescent micro-particles, MSC were also labeled with CFSE, a common fluorescent dye for cytoplasmic labeling of cells. The intake of two fluorescent dyes in MSC was beneficial for histological detection of MSC in cryosections and to distinguish them from scavenger cells that take up released micro-particles ( • " Fig. 7) . The possible influence of the co-labeling on cell viability, expression of characteristic cell surface markers and chondrogenic differentiation was especially addressed. To show the correct phenotype and the purity of MSC, the presence of typical cell surface markers such as CD44, CD90, CD105 and Sca-1 was verified [38] . To exclude hematopoetic differentiation, negativity of CD34 and CD45 was shown. After co-labeling of MSC with iron oxide micro-particles and CFSE, the cell proliferation was similar to that of MSC labeled only with CFSE and expression of characteristic surface markers mentioned above could be confirmed. Another important issue was the differentiation capacity of co-labeled MSC. Different studies have shown that osteogenic and adipogenic differentiation of MSC is not affected by magnetic labeling, but considering contradictory results for chondrogenic differentiation [41, 42] , this seems to be sensitive to cellular iron uptake. Therefore, the chondrogenic differentiation capacity was investigated for co-labeled MSC. Results revealed a positive induction within 7 days, demonstrated by staining of cartilage-specific proteogylcans. A mean cellular iron content of 24 pg was found in co-labeled MSC, this finding was similar to reported values for magnetic cell labeling without toxic effects [10, 41, 43] . Therefore, it was assumed that the co-labeling approach described above was an applicable method to study MSC in-vivo by MRI and to validate their localization by histology. In the in-vivo experiments the detection of single co-labeled MSC could be demonstrated by MRI. For a systemic delivery and peripheral single cell distribution bypassing the lung barrier [44] , the MSC were injected into the left ventricular cavity of the heart as described for magnetically labeled macrophages by Heyn et al. [12] . However, instead of a surgical method with an open-chest incision, a minimally invasive ultrasound-guided approach was used. All animals survived the procedure of intracardial cell injection. No complications were observed after the administration of cells and during sacrifice. A comparable technique for intramyocardial injection in mice was also described as a safe procedure [45] . Comparable to macrophages, MSC are relatively large cells with a mean diameter of 15 -19 μm in suspension and thus trapping of single cells can be seen in small vessels and capillaries after systemic administration [44] . However, in this study a reliable detection of MSC in-vivo by MRI was only possible in the brain, where multiple sharply defined signal voids could be detected. The corresponding histological sections showed multiple single co-labeled MSC in the brain tissue ( • " Fig. 7, 8 ). In the abdomen, MRI revealed only a few small signal voids in the kidneys indicating the presence of single co-labeled MSC which was confirmed on histological sections. However, histological analysis also revealed single co-labeled MSC in the liver, spleen and lungs ( • " Fig. 7) indicating the ubiquitary distribution of single MSC after intracardial injection. " Table 1 ) did not show significantly different results for the investigated organs before and after the injection of MSC with the exception of the highest cell density in the brain after the administration of 50 000 cells. Thus, it might be assumed that a few MSC visible as small signal voids on highresolution MR imaging cannot be reliably detected using conventional SNR evaluation in a reasonable region-of-interest due to the partial volume effect of the surrounding tissue. The slightly increased SNR values after cell injection in the group of mice that received 5000 cells were caused by motion artifacts due to suboptimal anesthesia of one animal. However, these variances appeared in the range of SNR measurements in the other groups and were not statistically significant. A limiting factor during imaging of the abdomen was respiratory motion. Thus, the high-resolution 3 D GRE sequence applied for imaging of the brain could not be used for imaging of the abdomen. Instead, a 2 D GRE sequence was applied for examination of abdominal organs. Although the 2 D GRE sequence had the same inplane resolution of 200 × 200 μm, the slice thickness was restricted to 500 μm according to the minimally adjustable value of the clin- already demonstrated [13] . However, on clinical MR scanners the realization of respiratory gating for rodents (especially mice) is more challenging. The transformation of physiological signals from a mouse to be adequate for human scanners is a crucial point in terms of amplitude, frequency as well as vendor specifications. Therefore, respiratory gating of mice on human MR scanners remains challenging [46] . The ability to detect co-labeled MSC up to the single cell level in-vivo appears interesting to investigate homing and local engraftment of these cells because after systemic administration only a small percentage of transplanted MSC can be detected in the bone marrow and different organs [47] . In this study in-vivo imaging of single cells could be achieved by using a clinical 3.0 T MR system and a commercially available mouse receiver coil. The total imaging time of 30 minutes per mouse which is easily covered by an intraperitoneal anesthesia with ketamine / xylazine makes this technique rather applicable to study also larger animal cohorts. The co-labeling and MR imaging of MSC proposed in this study may be useful for experimental work in mice. However, translation of such techniques to high-resolution MRI in humans seems to be possible in the future. Already to date musculoskeletal MRI at 7.0 T can be carried out with a spatial resolution up to 156 × 156 × 500 μm [48] , which is in the range of the 2 D GRE sequence applied for the abdominal imaging in mice. Furthermore, initial studies in patients receiving magnetically labeled cells using clinically approved iron oxide contrast agents have been reported [49, 50] . These contrast agents may be also used to label MSC for single cell imaging [51] . Thus, homing of MSC might be visible on MRI in humans, for example after less invasive transplantation for cartilage repair [52] . A general limitation of this study was the use of murine cells only. Homing of human MSC in immunodeficient mice has been demonstrated [47, 53] and offers unique perspectives for in-vivo cell tracking studies in mouse models. The proposed co-labeling technique and MR imaging protocol are much likely also applicable to human MSC but have to be specifically investigated.
Analysis of SNR values ( •
In conclusion, an efficient magnetic and fluorescent co-labeling of MSC that permits detection of MSC on a single cell level in mice by in-vivo MRI and histological validation was demonstrated. The technique was feasible using commercially available micron-sized iron oxide particles and a whole-body 3.0 T MR system equipped with a small animal receiver coil. Therefore, the described technique could be easily adopted by other groups for cell tracking of MSC in experimental studies.
Clinical relevance of the study ▶ Multipotent mesenchymal stromal cells (MSC) play a major role in regenerative processes such as the healing of bone fractures, tendon and cartilage damage as well as in the reconstitution process after stem cell transplant.
▶ To date, at least four clinical trials using MRI cell tracking with superparamagnetic iron oxides have been performed with promising results and it is most likely that MSC-based therapies will become more and more popular over the next decades.
▶ Co-labeling of MSC using fluorescent iron oxide particles combined with intracellular fluorescent cell membrane staining permits the in-vivo detection of single cells in experimental studies with a high correlation to histology.
▶ The established method therefore provides a platform for experimental monitoring of cell-based therapeutic approaches using clinical 3 T MRI, e. g. to monitor successful engraftment and recognize complications such as graft failure or tumor formation. 
